One of the most intensely studied scenarios of high-temperature superconductivity (HTS) postulates pairing by exchange of magnetic excitations [1] . Indeed, such excitations have been observed up to around optimal doping in the cuprates [2] [3] [4] [5] [6] [7] . In the heavily overdoped regime, neutron scattering measurements indicate that magnetic excitations have effectively disappeared [8] [9] [10] , and this was argued to cause the demise of HTS with overdoping [1, 8, 10 ]. Here we use resonant inelastic x-ray scattering (RIXS), which is sensitive to complementary parts of reciprocal space, to measure the evolution of the magnetic excitations in La 2−x Sr x CuO 4 across the entire phase diagram, from a strongly correlated insulator (x = 0) to a non-superconducting metal (x = 0.40). For x = 0, well-defined magnon excitations are observed [11] . These magnons broaden with doping, but they persist with a similar dispersion and comparable intensity all the way to the non-superconducting, heavily overdoped metallic phase. The destruction of HTS with overdoping is therefore caused neither by the general disappearance nor by the overall softening of magnetic excitations; other factor(s), such as the redistribution of spectral weight, must be considered.
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The undoped high-T c cuprates such as La 2 CuO 4 are antiferromagnetic (Néel-ordered) insulators, with magnetic Bragg peaks and well-defined high-energy magnetic excitations termed magnons [11] . As shown in Fig. 1(a) , doping rapidly destroys the Néel ordering, leading to the emergence of the pseudogap state and superconductivity. In the underdoped and optimally doped cuprates, superconductivity is accompanied by an "hour-glass" shaped dispersion of magnetic excitations around the scattering vector Q AFM = (0.5, 0.5) in Fig. 1(b) [2] [3] [4] [5] [6] 13] [7] . Far less work has been done on the magnetic excitations in the heavily overdoped region of the phase diagram. Neutron scattering studies of La 1.70 Sr 0.30 CuO 4 report that the Qintegrated magnetic dynamic structure factor S(ω) is much reduced by x = 0.25 and that magnetic excitations have effectively disappeared by x = 0.30 [9] . This observation has been used in support of proposals that spin fluctuations mediate the electron pairing in high-T c superconductors [1] . A necessary, although not sufficient, condition for such scenarios is that spin fluctuations persist across the superconducting portion of the phase diagram while retaining appreciable spectral weight. For this reason it was suggested that the destruction of HTS in the overdoped cuprates is due to the disappearance of magnetic excitations [8] .
Resonant inelastic x-ray scattering (RIXS) at the Cu L 3 edge has recently emerged as a new experimental method for measuring magnetic excitations in the cuprates [7, [15] [16] [17] [18] [19] [20] . RIXS is particularly well suited to measuring high energy magnetic excitations and requires only very small sample volumes [15, 16] . As explained by Le Tacon et al.(Ref. [7] ), this sets it apart from current neutron scattering experiments which require large single crystals of several cm 3 in volume, which are usually very difficult to synthesize, especially in the heavily overdoped region. We also note that Cu L 3 edge RIXS experiments focus on a complementary region of the Brillouin zone in Fig. 1(b) compared to most Q-resolved neutron scattering experiments [21] . RIXS typically measures from (0, 0) towards (0.5, 0); whereas neutron scattering experiments focus around (0.5, 0.5), where the magnetic excitations are strongest.
We synthesized La Atomic Force Microscopy, down to a fewÅ), which reduces the diffuse elastic scattering contribution to the spectra [21] . We chose the doping levels to span the La 2−x Sr x CuO 4 phase diagram as indicated by the solid black squares in Fig. 1 
(a).
RIXS spectra for these samples are shown in Fig. 1 (c). The most intense feature corresponds to opticallyforbidden dd orbital excitations in which the valence band hole, primarily of Cu d x 2 −y 2 character, is promoted into higher energy orbitals [22] . The intensity of these excitations can provide a reference to compare different RIXS spectra [23] . In the mid-infrared (MIR) energy scale (50-500 meV) single spin-flip excitations can be excited due to the spin-orbit coupling of the Cu 2p 3 2 core hole [24, 25] . A broad, flat background of intensity arises from charge-transfer excitations of the Cu d x 2 −y 2 hole into the O 2p states. As x increases the dd excitations are seen to broaden, indicative of hybridization between the d-orbitals and the itinerant states of doped holes. This leads to a tail of intensity extending down into the MIR energy region.
RIXS spectra were measured on all samples from Q = (0, 0) to Q = (0.4, 0) (i.e. up to 80% of the Brillouin zone boundary) and are plotted in Fig. 2 . At Q = (0, 0) strong specular elastic scattering dominates the spectrum. At higher Q we observe a peak on the energy scale of 300 meV. For the undoped (x = 0) case this peak corresponds to a magnon [16, 17, 23] , as observed previously by neutron scattering [11] . Examining the spectra at higher doping levels shows the central result of this paper: that this magnon smoothly broadens with doping and persists as a paramagnon right across the La 2−x Sr x CuO 4 phase diagram and into the heavily overdoped metallic region. Understanding this observation and how it might relate to HTS is the main challenge posed by our data.
We fit the spectra with a resolution-limited Gaussian to account for the elastic scattering and an antisymmetrized Lorentzian to account for the magnetic scattering, together with a smooth background (see the Supplementary Information for more details.) For the x = 0 sample, the magnon is well defined in energy [11] and the peak broadening arises primarily from contributions from phonons and multimagnon excitations. This leads to a roughly Q-independent broadening of the peak [7] . Figure 3 summarizes the fitting results. Within the scatter of the data points, which is about ∼ 70 meV (or ∼20% of the zone boundary energy), the dispersion of the magnetic excitations in Fig. 3(a) is unchanged. In contrast, the width of the excitations in Fig. 3(b) increases dramatically with doping. This damping of the magnon with doping is likely due to the magnetic excitations coupling with, and decaying into, Stoner quasiparticles as low energy electronic states become available.
Measurements spanning the underdoped to slightly overdoped regions of the phase diagram in neodymium (NBCO) [7] yttrium (YBCO) [7] and bismuth (BSCCO) [18] based cuprates show comparable widths to our optimally doped La 1.84 Sr 0.16 CuO 4 sample. Our experiments go beyond optimal doping [26] and show that the width continues to increase as more electronic states become available for scattering. The similar widths of optimally doped LSCO, YBCO and BSCCO are interesting in light of the fact that LSCO is often being regarded as more disordered than YBCO [27] . This may imply that the width is primarily determined by the hole concentration level rather than the structural disorder induced by doping.
We also examined the RIXS intensities as a function At Q = (0, 0) magnetic excitations cannot be observed due to the very strong elastic specular scattering and the peak shape primarily reflects the experimental resolution function. The intensities are presented, normalized to the spectral weight in the 1-3 eV region containing the dd excitations. The spectra at Q = (0, 0) have been divided by the factors written on the plot in order to make them visible on the same scale. Error bars indicate the magnitude of the statistical variations in the summed spectra.
of doping. As discussed in the SI, instrumental instabilities can make measuring RIXS excitations in absolute units challenging [23] . For this reason, we present the Q-averaged integrated intensity of the paramagnon in Fig. 3(c) . Remarkably, the paramagnon is seen to have comparable RIXS intensity across the entire phase diagram, right into the heavily overdoped region.
These results heavily constrain any theoretical description of the magnetism in the cuprates. Motivated by the local moment physics in La 2 CuO 4 , and possible electronic phase separation in the underdoped cuprates, much theoretical work has described magnetism in the cuprates in terms of residual local moments which exist in the charge-poor region of the lattice [28] . The effect of doping is then primarily to reduce the number of local moments present. In the heavily overdoped region of the phase diagram, such phase separation seems unlikely to be energetically favourable as there is a large kinetic energy cost to localizing the electrons. Despite this, our data show that the local moment-based magnon excitations evolve smoothly and continuously across the phase diagram, into the region where renormalized itinerant quasiparticles have been suggested as explanations for the magnetic response of the cuprates [29] . In particular, our results demonstrate that the heavily overdoped region of the phase diagram retains magnetic correlations and is not a simple non-magnetic Fermi-liquid.
It is important to note that we report excitations from (0.18, 0) to (0.40, 0). Inelastic neutron scattering experiments, on the other hand, are predominantly sensitive to the higher intensity excitations around Q AFM = (0.5, 0.5) where studies of heavily overdoped cuprates report a strong reduction in the energy and spectral weight of the magnetic excitations [9, 10] . In the region of Q-space studied here, the intensity of the magnetic excitations are below the signal-to-noise ratio of current Q-resolved neutron scattering experiments on doped cuprates. Thus RIXS allows us to measure magnetic excitations in a complementary region of the Brillouin zone. While in Néel ordered La 2 CuO 4 the energy dispersion is symmetric upon reflection in the antiferromagnetic Brillouin zone boundary, the same need not be true for x ≳ 0.03. Furthermore, the intensities differ substantially depending on whether Q is near (0, 0) or Q AFM = (0.5, 0.5). Taken together, the RIXS and neutron data imply that doping does not uniformly reduce the intensity of the magnetic excitations. Rather, the excitations around (0.18 → 0.40, 0) remain relatively unchanged in integrated intensity while the absolute intensity of the excitations around Q AFM (which provide most of the total spectral weight) are strongly attenuated. The energy dispersion of the magnetic excitations along (0.18 → 0.40, 0) also remains constant as as function of doping, while the dispersion near Q AFM , is strongly renormalized to form the "hour-glass" feature [2] [3] [4] [5] [6] 13] .
Our results indicate that magnetic excitations evolve smoothly across the phase diagram. We do not see sharp changes in the high-energy magnetic fluctuations that one might expect if a hidden quantum critical point existed near optimal doping, as has been suggested. Our results seem to be consistent with the description of magnetic properties of the cuprates across the phase diagram based on the single-band two-dimensional Hubbard model. Numerical studies of this model [30] indeed qualitatively capture both the suppression of intensity around Q AFM and the approximate conservation of intensity around Q = (0.18 → 0.40, 0).
The cuprate phase diagram (see Fig. 1(a) ) shows a dome-like dependence of T c as a function of x. On the underdoped (x < 0.16) side of the phase diagram the drop in T c and the eventual disappearance of HTS is likely due to the reduction in the density of mobile charge carriers. The reduction in T c on the overdoped (x > 0.16) side, in the face of the increase in the conductivity and the den-sity of itinerant carriers, is likely driven by a reduction in the strength of the pairing interaction. Our results show that the demise of HTS in the overdoped cuprates is not due to changes in the high-energy magnetic excitations, as these remain approximately constant as a function of x. The change in T c must, therefore, be driven by other factors. These could include the influence of the low-energy magnetic excitations which are known to change dramatically in the overdoped cuprates. It is also conceivable that factors not captured within the simple Hubbard model may be at play. Reflection high-energy electron diffraction was monitored in real time to ensure that the films were atomically smooth and without any secondary-phase precipitates, which was verified ex situ by atomic force microscopy. The undoped (x = 0) and underdoped (x = 0.11) films were annealed under vacuum (2 × 10 −8 Torr) for one hour in order to drive out any excess (interstitial) oxygen. X-ray diffraction confirmed high crystalline order and absence of any secondary phases. To evaluate superconducting properties, magnetic susceptibility measurements were performed using the mutual inductance technique. Sharp superconducting transitions were observed in the films with x = 0.11 (underdoped, T c = 29 K), 0.16 (optimally doped, T c = 39 K) and 0.26 (overdoped, T c = 22 K); in contrast, the undoped (x = 0) and heavily overdoped (x = 0.40) films showed no signs of superconductivity. More details are given in the Supplementary Information. RIXS measurements: RIXS experiments were performed using the AXES instrument at the ID08 beamline at the European Synchrotron Radiation Facility. The spectra were typically collected for 1-2 hours, during which time the CCD camera was read out every 5 minutes. The incident x-ray energy was set to the peak in the measured Cu L 3 edge x-ray absorption spectrum. The xrays were incident at angle θ i with respect to the sample surface and scattered through 2θ = 130 ○ in the horizontal scattering plane (see the diagram in the supplementary information). We denote the in-plane scattering vector Q in reciprocal lattice units (r.l.u.) using the 2D cuprate unit cell shown in Fig. 1(b) with a = b = 3.78Å. To scan Q we varied θ i by rotating the sample about the vertical axis, thus varying the projection of Q into the a * b * -plane, where a * and b * are the reciprocal lattice vectors. Data reported here used π polarized x-rays, with high-Q corresponding to x-rays that leave the sample at grazing angles. The combined resolution function of the monochromator and spectrometer is approximately Gaussian with a HWHM of 130 meV as determined by measuring the non-resonant elastic scattering from disordered carbon tape. All data were collected at T = 25(5) K. 
